We examine the low scale particle spectroscopy of an SO(10) (or equivalently SU (5)) inspired supersymmetric model with non-universal gaugino masses. The model assumes minimal supergravity and contains the same number of fundamental parameters as the constrained minimal supersymmetric model (CMSSM.) Realistic solutions compatible with dark matter and other applicable experimental constraints are shown to exist for both positive and negative signs of the MSSM parameter µ. We present several benchmark points which will be tested at the LHC and by the ongoing direct and indirect dark matter detection experiments.
II. NON-UNIVERSAL GAUGINO MASSES FROM SO(10) AND SU (5)
We first review how the non-universal gaugino masses arise in the SO(10) GUT. In gravity mediation, we introduce a higher dimensional operator between the gauge field strength superfield W a and a hidden sector chiral superfield Φ ab ,
where a, b = 1, 2, · · · , 45 are the group indices for SO (10) , and M P = 2.4×10 18 GeV is the reduced Planck mass. In this paper, we consider only a single hidden sector field Φ ab whose non-zero F -term breaks SUSY and generates the gaugino masses:
In SO(10), a possible representation of the hidden sector field is given by one of the irreducible representations contained in the symmetric product of two adjoint 45-dimensional representations:
(45 ⊗ 45) sym = 1 ⊕ 54 ⊕ 210 ⊕ 770.
If the hidden sector field is not the singlet, non-universal masses for the MSSM gauginos are generated. However, the ratio between the MSSM gaugino masses is determined by the embedding of the SM gauge groups with in each irreducible representation [6, 7] . Among the three possibilities in Eq. (3), we investigate Φ ab in the 54 representation in this paper. In fact, this is the most reasonable case from the theoretical point of view. We are considering SUSY SO(10) as a more fundamental theory within which the MSSM is embedded. We may expect that the SO(10) model is further unified into a more fundamental theory including gravity, most likely some string theory at the Planck scale. Note that this picture constrains the field representations introduced in the model, since large representations carry a large β-function, and this can cause the SO(10) gauge coupling to blow up below the Planck scale. Indeed, the introduction of an irreducible representation larger than 126 is excluded by this argument [8] . With the 54-plet of hidden sector field, the ratios of the non-universal gaugino masses is found to be [7] M 1 : M 2 :
The above discussion is readily extended to SU (5) , and the gluino mass ratios turn out to be the same as in Eq.(4) for a hidden sector field in the 24-dimensional adjoint representation [7] . Thus, our analysis in this paper applies both to SO (10) and SU (5) models. However, note that in the SU (5) GUT, the matter multiplets of each family are not completely unified in a single representation and in general, the masses of sfermions in 5 * and 10 representations can be non-universal. This non-universality of sfermion masses can serve as a probe to discriminate the underlying GUT gauge groups [9] .
In the following, we identify the parameter region which is consistent with a variety of phenomenological constraints. Since the ratio between the non-universal gaugino masses is fixed as in Eq. (4), the number of free parameters remains the same as in the CMSSM. We use the notation
The fundamental parameters of the SO(10)/SU (5) model that we consider are as follows:
III. PHENOMENOLOGICAL CONSTRAINTS AND SCANNING PROCEDURE
We employ the ISAJET 7.80 package [10] to perform random scans over the parameter space listed in Eq. (5) . In this package, the weak scale values of gauge and third generation Yukawa couplings are evolved to M GUT via the MSSM renormalization group equations (RGEs) in the DR regularization scheme. We do not strictly enforce the unification condition g 3 = g 1 = g 2 at M GUT , since a few percent deviation from unification can be assigned to unknown GUT-scale threshold corrections [11] . At M GUT , the boundary conditions given in Eq. (5) are imposed and all the SSB parameters, along with the gauge and Yukawa couplings, are evolved back to the weak scale M Z . The impact of the neutrino Dirac Yukawa coupling in the running of the RGEs is significant only for relatively large values (∼ 2 or so) [12] . In the SO(10) GUT we expect the largest Dirac coupling to be comparable to the top Yukawa coupling (∼ 0.5 at M GUT ) and thus we safely neglect effects of the neutrino Dirac Yukawa coupling in our analysis.
In the evaluation of Yukawa couplings the SUSY threshold corrections [13] are taken into account at the common scale
The entire parameter set is iteratively run between M Z and M GUT using the full 2-loop RGEs until a stable solution is obtained. To better account for leading-log corrections, one-loop step-beta functions are adopted for gauge and Yukawa couplings, and the SSB parameters m i are extracted from RGEs at multiple scales m i = m i (m i ). The RGE-improved 1-loop effective potential is minimized at an optimized scale M SUSY , which effectively accounts for the leading 2-loop corrections. Full 1-loop radiative corrections are incorporated for all sparticle masses. The requirement of radiative electroweak symmetry breaking (REWSB) [14] puts an important theoretical constraint on the parameter space. Another important constraint comes from limits on the cosmological abundance of stable charged particles [15] . This excludes regions in the parameter space where charged SUSY particles, such asτ 1 ort 1 , become the LSP. We accept only those solutions for which one of the neutralinos is the LSP and saturates the dark matter relic abundance bound observed by the Wilkinson Microwave Anisotropy Probe (WMAP).
We perform random scans for the following parameter range:
with m t = 173.1 GeV [16]. The results are not too sensitive to one or two sigma variation in the value of m t . We use m b (m Z ) = 2.83 GeV which is hard-coded into ISAJET.
In scanning the parameter space, we employ the Metropolis-Hastings algorithm as described in [17] . All of the collected data points satisfy the requirement of REWSB, with the neutralino in each case being the LSP. Furthermore, all of these points satisfy the constraint Ω CDM h 2 ≤ 10. This is done so as to collect more points with a WMAP compatible value of cold dark matter (CDM) relic abundance. For the Metropolis-Hastings algorithm, we only use the value of Ω CDM h 2 to bias our search. Our purpose in using the Metropolis-Hastings algorithm is to be able to search around regions of acceptable Ω CDM h 2 more fully. After collecting the data, we impose the mass bounds on all the particles [15] and use the IsaTools package [18] to implement the following phenomenological constraints:
We apply the experimental constraints successively on the data that we acquire from ISAJET.
IV. RESULTS Figure 1 shows the results in the (M 1/2 , m 0 ) plane for tan β = 10, A 0 = 0 and sign(µ) = ±. Gray points are consistent with successful REWSB and the requirement of neutralino LSP. Blue points satisfy the WMAP bounds on neutralino dark matter abundance, particle mass bounds, as well as constraints from BR(B s → µ + µ − ), BR(b → sγ) and BR(B u → τ ν τ ). In Figure 1 , the small boxes show benchmark points for each of which the particle mass spectra are listed in Tables I and II. We have chosen these benchmark points from regions in Figure 2 and 3, which can be explored by future dark matter search experiments (see below).
A variety of experiments are underway to directly detect dark matter particles through their elastic scatterings off nuclei. The most stringent limits on the (spin-independent) elastic scattering cross section have been reported by the recent CDMS-II and XENON100 experiments. In Figure 2 (the color coding is the same as in Figure 1 ) we show the results for the spinindependent elastic scattering cross section along with the current upper bounds by the CDMS-II [25] (solid black line) and XENON100 [26] (solid red line) experiments, as well as the future reach of the SuperCDMS(SNOLAB) [27](dotted black line ) and XENON1T [28] (dotted red line). In the (σ SI , mχ0 ∼ 57 GeV correspond to Z-and Higgs resonances, respectively. Around these parameter regions, the neutralino annihilation cross sections are enhanced by the resonances and as a result, the correct relic abundance can be achieved with relatively small coupling constants. Thus, the corresponding spin-independent cross sections are reduced due to the small coupling constants. Another dip around mχ0 Figure 2 (a) corresponds to a cancellation between effective couplings of neutralino with up-quark and down-quark in Higgs exchange processes. As has been reported in [29] , this cancellation occurs when the relative signs between M 1,2 and µ are opposite. Recall that in our convention, M 3 > 0 and M 1,2 < 0, so that this cancellation occurs for µ > 0. The small boxes show the benchmark points corresponding to those listed in Tables I and II . These benchmark points have been chosen with the criterion that they should lie between the present experimental limits and future reaches. In the region from which the benchmark points are chosen, the neutralino LSP has sizable Higgsino components which, in turn, enhance the spin-independent neutralino-nucleon cross sections. All of the benchmark points can be tested by XENON1T, while SuperCDMS can explore some of them.
Neutralino dark matters in the galactic halo may become gravitationally trapped in the Sun and accumulate in its center, where they can annihilate each other and produce high energy neutrinos. Since neutrinos can escape and reach the Earth, the neutralino annihilations can be indirectly detected by observing an excess of such high energy neutrinos from the Sun. The most stringent limits on the neutrino flux from the Sun have been reported by Super-Kamiokande [30] and IceCube [31] experiments, which provide the upper limit on the spin-dependent elastic scattering cross section of neutralino dark matter off a nucleon. The spin-dependent scattering cross sections along with the current upper bounds and future reach are depicted in Figure 3 . In this figure too, the color coding is the same as in Figure 1 . In the (σ SD , mχ0 1 ) plane we show the results for the spin-dependent elastic scattering cross section along with the current bounds from Super-Kamiokande (black line) and IceCube (dotted black line) experiments, together with the future reach of IceCuce DeepCore experiment (dotted red line). The small boxes show the approximate locations of benchmark points corresponding to Tables I and II . For these points, the sizable Higgsino components of the neutralino LSP enhances the scattering cross section. All benchmark points except for point 1 are testable by the future IceCube DeepCore experiment. Although the benchmark point 1 has a neutralino mass below the energy threshold of the IceCuce DeepCore experiment, such a light neutralino can provide characteristic signatures in collider experiments.
Plots analogous to Figures 1-3 for varying values of tan β are shown in Figures 4-9 and the particle mass spectra of the corresponding benchmark points are listed in Tables III-VI. The figures for µ < 0 show green points which belong to the subset of blue points and satisfy all constraints including ∆(g − 2) µ /2, where the deviation of the muon anomalous magnetic dipole moment from the SM prediction can be explained by sparticle loop contributions. Since the sparticle contributions to ∆(g − 2) µ /2 are dominated by loop diagrams with chargino and are proportional to µM 2 tan β/m 4 SU SY , wherem SU SY is the sparticle mass in the loop, the relative sign of µ and M 2 should be positive (µ < 0 in our convention) in order to obtain ∆(g − 2) µ /2 > 0. If the sparticles running in the loop diagrams are heavy, a relatively large tan β is necessary to satisfy the constraint from ∆(g − 2) µ /2. There is no green point in Figure 1 because tan β = 10 is too small to be compatible with the ∆(g − 2) µ /2 constraint. We also list benchmark points (5 and 6 in Tables III-VI) with relatively large neutralino mass, some of which can/cannot be tested by the future IceCube DeepCore experiment.
For |A 0 | ≤ O(1 TeV), the results remain almost the same as those with A 0 = 0, and we therefore do not show all plots. The results for special cases with a large A 0 or a large tan β are depicted in Figure 10 Table VII .
Finally, we choose several benchmark points from the allowed regions for different values of A 0 , tan β and sign(µ) and compare the mass spectra in our NUGM model with those from the CMSSM. In Table VIII , we present four benchmark points from the stau-neutralino co-annihilation region to compare the mass spectra. For the same values of A 0 , tan β and sign(µ), we tune m 0 and M 1/2 in the CMSSM in order to obtain the same masses for neutralino LSP and the lighter stau as those found in NUGM model. The resultant masses for the other particles are all larger than those in the CMSSM. In Table IX , we tune m 0 and M 1/2 in the CMSSM so as to give the same masses for gluino and right-handed down squarks as in the NUGM model. We can see, in this case, large mass differences in the neutralino and chargino mass spectra, while the sfermion mass spectra are similar. In particular, the mass of the neutralino LSP is relatively small as a result of the non-universal boundary conditions for the gaugino masses. The results in these Tables show that the mass spectra in our NUGM model are quite distinct from those in the CMSSM.
V. CONCLUSIONS
We have investigated the low scale particle spectroscopy arising from supersymmetric SO(10) and SU(5) models with nonuniversal gaugino masses. This non-universality generally arises from the F -term of some non-singlet hidden sector field in the gauge kinetic function in the gravity mediated supersymmetry breaking. Depending on the embedding of the MSSM gauge group, the ratio of the MSSM gaugino masses is determined by group theory. Among several possibilities, we have considered an F -term from a single 54-plet hidden sector field. This is a unique possibility if we require the SO(10) gauge coupling to stay within the perturbative regime up to the Planck scale. With the group theoretically fixed ratios of the gaugino masses, we set the fundamental parameters of the model in the same way as the CMSSM, namely, m 0 , M 1/2 , A 0 , tan β and sign(µ) with the identification M 3 = M 1/2 . Taking a variety of phenomenological constraints into account, we have identified the allowed parameter regions. We have also calculated the spin-independent and dependent cross sections of neutralino elastic scattering off a nucleon and compared the results with the reach of future direct and indirect detection experiments. We have identified the benchmark points of the model which are consistent with the phenomenological constraints and which predict neutralino elastic scattering cross sections accessible at the future dark matter detection experiments. The particle mass spectra of the benchmark points can be well-distinguished at the LHC from the mass spectra in the CMSSM.
Note Added: t-b-τ Yukawa unification in this class of models with µ < 0 has recently been investigated in [32] . Tables I and II are Tables I and II dark matter abundance, particle mass bounds, constraints from BR(Bs → µ + µ − ), BR(b → sγ) and BR(Bu → τ ντ ). Green points belong to the subset of blue points that satisfies all constraints including ∆(g − 2)µ/2. Approximate locations of benchmark points listed in Tables III  and IV Tables III and IV are also Tables III and IV 
